Cells of Ralstonia solanacearum were exposed to Cu in distilled water, and the resulting Cu-stressed nonculturable cells were inoculated to natural (non-pasteurized) and pasteurized soils in order to examine their culturability and recovery. Exposing the cells to 20 M CuSO 4 produced transitory non-culturable cells, which exhibited a remarkable recovery in culturability after incubation in the solution for 36 h, reaching a density near the initial level by 108 h. To determine whether such non-culturable cells actually "resuscitated" or multiplied after adapting to Cu toxicity, growth curves were constructed in order to contrast the rates of increase in culturable cell numbers between Cu-stressed or non-stressed inocula. Additionally, fresh non-stressed cells were exposed to CuSO 4 in the presence of nalidixic acid by adding the antibiotic at different times after the onset of Cu stress to verify any cell multiplication during the population increase.
INTRODUCTION
The bacterial wilt pathogen, Ralstonia solanacearum (Race 1), is a widely distributed soil inhabiting bacterium and affects a wide variety of crops, representing a serious threat to crop production in the areas where the disease has been reported as well as in the areas free of the pathogen (17) .
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For detection of this pathogen, the most recent approaches utilize PCR-based detection methods due to their specificity, and relatively quick results. Various genus and species, or even biovar-specific primers, have been designed and employed in many studies involving detection and identification (2, 4, 9, 11, 16, 22, 23, 27, 28, 35, 37) . However, such an advanced technology is not always available for researchers in developing countries. Furthermore, PCR theoretically cannot distinguish virulent populations of the pathogen from less virulent or non-pathogenic populations, which include the severely stressed or inviable cells that are not capable of infecting host plants any longer (25) . Thus, in these cases, a semi selective agar medium specifically developed for detection may still be useful providing circumstantial evidence for the presence of the pathogen due to its lower cost and availability for being used on site. As a matter of fact, such a medium as SMSA has been and still is recommended in Europe (33) and in South America (18) . Ideally, both types of methods should be used simultaneously to achieve the best reliable detections.
Nonetheless, detection methods based on use of agar media also have disadvantages. Since these methods depend on culturability, the pathogen can not be detected if it does not grow on the medium for some reason. It is known that Cu is widely used to control not only fungal but also bacterial plant diseases (1) , and it has been reported that the presence of Cu can induce non-culturable cells of R. solanacearum (20) . In addition, it has been suggested that Viable-But-Non-Culturable (VBNC) cells of R. solanacearum may be involved in infection of tomato and potato (20, 41) .
Given that the VBNC state of R. solanacearum can greatly complicate its detection by various means, a study of the physiological responses of the pathogen to stresses that induce this state is justified in order to precisely understand how and when non-culturable cells are induced under different environmental conditions. Such knowledge would be particularly valuable in predicting and anticipating the presence of non-culturable cells in soil or plant samples as well as understanding their ecology and importance for plant health (40) . The objectives of this study were to examine the effects of Cu on activity and culturability of R. solanacearum, and to examine survival and recovery of non-culturable cells in distilled water as well as natural and pasteurized soil.
MATERIALS AND METHODS

Strain and inoculum preparation
The strain of R. solanacearum used in this study was the rifampicin-resistant spontaneous mutant strain 22R6, derived from strain MAFF301522 (race 1, biovar 3) obtained from the Gene Bank of the Japanese Ministry of Agriculture, Forestry and Fisheries, initially isolated from tomato. Before use, strain 22R6 was streaked on plates of BGT medium (36) supplemented with 50 g ml Composite soil samples were collected from approx. 10 random locations at a given site in the field to a depth of 10 - Immediately prior to inoculation, the inocula were enriched with peptone and glucose to obtain a concentration of 0.2% for each nutrient in soil water. The inocula without addition of the nutrients were used as the controls.
Cu treatment for induction of non-culturable cells
Soil microcosms were prepared as follows: Samples of 100 g of soil (with its water content pre-determined) were placed into 93-mm-diameter plastic cups (approx. 300-ml capacity). Then, 5 ml of each inoculum suspension were poured over the soil, and the cup was gently tapped to level the soil surface. If necessary, additional distilled water was added to the suspension to achieve the soil water content (37%) gram of dry soil. The detection limit in this assay was 2.5 log CFU g -1 dry soil, and the value of 2 log CFU g -1 dry soil was used for the data below the detection limit.
A comparative test was also employed simultaneously in distilled water by using the same inocula inoculated into the soil microcosms. To 5 ml of each Cu-treated inoculum cell suspension dispensed in triplicates in the test tubes, 1 ml of 1/10-strength BG broth was added as the nutrient source. For the controls, 1 ml of distilled water was added. The tubes then were capped and incubated at 28°C. The number of CFU was determined by dilution plating on BGT medium supplied with rifampicin after 0, 1, 2, 3, 5 and 7 days of incubation.
A separate experiment was also made with pasteurized soil microcosms. Twenty four hours before use, soil was heated in a water bath at 55°C -65°C or at 75°C -85°C for 30 min. to be pasteurized. These temperatures were chosen according to the differential sensitivity to heat manifested by fungi and bacteria. It has been reported that soil fungal populations decrease at lower temperatures than bacterial populations (8, 15) . Accordingly, the first soil pasteurization temperature was mainly directed to reduce fungal populations and the second to reduce bacterial populations. The triplicate microcosms were prepared with these pasteurized soils as well as non-pasteurized natural soil using only Cu-stressed inocula exposed to 20 or 40
M of Cu. The test was done as described above. Adaptation of R. solanacearum to copper stress
Statistical analysis
Data of survival experiments using natural and pasteurized soils were analyzed by ANOVA with a factorial completely randomized design. Cu concentration, presence or absence of nutrients and, when applicable, pasteurization of soil were considered as the main effect factors and sampling day was considered a repeated measures factor. When significant differences were detected by the ANOVA, means were compared with the protected LSD test.
RESULTS
Cu treatment and culturability of Cu-stressed cells
When the cells of 22R6 were exposed to 20 M CuSO 4 , no CFU was detected by either 12 h or 24 h. After 36 h, however, 1.97 log CFU ml -1 was detected and thereafter CFU increased progressively over time, reaching nearly the initial CFU by 108 h (Fig. 1A) . The percentage of INT-positive cells also dropped sharply but only to approx. 30% of the initial cell numbers by 12 h, and remained at about a half of the corresponding total cell number (Fig. 1B) . Throughout the incubation, the total cell number remained nearly constant.
Therefore, after 108 h of incubation, the number of CFU was only 0.6 log-unit lower than the log number of INT-positive cells ( represent standard deviations. The detection limit for CFU was 1.0 log CFU ml -1 , and data below the limit were plotted at 1 log CFU ml -1 .
Effect of different concentrations of Cu on culturability and recovery of Cu-stressed cells
The effect of Cu on culturability was dependent on Cu concentration ( (Fig. 3) . In contrast, previously exposed cells did not show any significant drop during the entire period of incubation. Time (h) log CFU/ml (Fig. 4) . In distilled water, and despite a different initial cell density in each water microcosm, the culturable cell numbers in the five microcosms reached a cell density near log 7.0 log CFU ml -1 after 48 h of incubation, and these culturable cell densities did not decrease until the end of incubation. (Fig. 4B) . In this case, the final CFU number (log 7.5 CFU ml -1 ) was lower than the initial total cell number counted under the microscope (log 8.1 cells ml -1 ).
The "doubling time" calculated for these increasing culturable cells in the Cu solution was 2.83 h. The inocula at lower initial concentrations (< log 7.7 CFU ml -1 ) did not show any recovery or adaptation following Cu stress and culturable cells were not detectable even at 12 h after stress onset (Fig. 4B) . (Fig. 5A ).
When fresh cells were then inoculated into filter-sterilized solutions from the initial cell suspensions, the bioavailability of Cu for 22R6 in the 20 M CuSO 4 solutions was apparently much less, and comparable to that of the distilled water control since no decrease in culturability was observed (Fig. 5B ). At 40 M CuSO 4 , on the other hand, the culturable cell number decreased after 9 h to 2.94 log CFU ml -1 and then increased to the level of approx. log 7.5 CFU ml -1 after 46 h (Fig. 5B) . Also in this case, the final number of culturable cells did not exceed the initial number. Fig. 7A and 7B) , and the populations for the cells treated at 40 M were only less than 1.0-log unit lower than those for the controls (Fig. 7A and 7C ).
When the cells exposed to 20 or 40 M were incubated in distilled water at 28°C, the culturable population again dropped sharply and was not detected after 1 day of incubation (Fig. 8B and 8C). However, as observed in the previous experiments, the cells treated with 20 M CuSO 4 regained culturability thereafter and rapidly increased in number to reach approx. 7.0 log CFU ml -1 by 5 days of incubation (Fig. 8B ). Yet, such recovery and increase in culturable population were not observed for the cells treated with 40 M of CuSO 4 (Fig. 8C ).
On the other hand, when both Cu-treated inocula were enriched with nutrients, high numbers of culturable populations (>7.0 log CFU ml -1 ) were detected after 3 days even though the populations initially dropped to some extent. When the cells were not treated with Cu, culturable population remained at high levels (>8.5 log CFU ml -1 ) and nutrient enrichment had virtually no effects on the population (Fig. 8A ). with three-way significant interaction. The LSD value (P = 0.01) used to compare between all means was 0.31. The detection limit was 2.5 log CFU g dry soil-1, and data below the limit were plotted at 2 log CFU g 1 dry soil.
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Moreira A., S.D. et al. Adaptation of R. solanacearum to copper stress compare between all means was 1.42. The detection limit was 1.0 log CFU ml -1 , and data below the limit were plotted at 1 log CFU ml -1 .
The data presented in Fig. 9 show the survival of cells According to ANOVA, the effects of soil pasteurization, presence of nutrient, and repeated measures were significant (P = 0.01) with three way interaction. The LSD value (P = 0.01) to compare between all means was 1.15. The detection limit was 2.5 log CFU g dry soil-1, and data below the limit were plotted at 2 log CFU g 1 dry soil.
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DISCUSSION
This study revealed that Cu-stressed cells of R.
solanacearum induced by exposure to the borderline cytotoxic concentration of Cu were able to respond quickly to overcome the toxicity of Cu and multiply in the absence of external nutrients. When the cells were incubated in distilled water with 20 M CuSO 4 , the Cu-stressed cells once became nonculturable or nearly non-detectable but remained viable. Then, they soon showed a remarkable recovery in culturability in a matter of a day (Fig. 1B) . Subsequently, the number of 25 mM for over 3 weeks. These differences may indicate that the Cu effect is also strain-dependent or such strains differed in nutritional status. It is clear also that the cells that had been exposed to Cu in this study were less sensitive in a freshly prepared Cu solution (Fig. 3) , indicating that some mode of adaptation/tolerance was developing quickly. Thus, previous exposure(s) of some strains to Cu may explain the straindependent effect of Cu. In fact, such adjustments are not unconceivable in bacteria. Cu is an important trace element but toxic at high concentrations due to an unspecific uptake system for heavy metals mediated by P-type ATPases (31) . As a consequence, it requires what is thought to be a chromosomally encoded homeostasis system in bacteria, from which a plasmid-borne resistance mechanism may have evolved (13, 31) .
Detoxification or chelation of Cu molecules is one likely mechanism by which R. solanacearum copes with its cytotoxic effect. It has been reported previously that siderophores, metal binding proteins, and even polysaccharides can bind to Cu and reduce its bioavailability (21) . It has also been suggested that pseudomonads have the ability to compartmentalize Cu ions in the periplasm and the outer membrane (13) . of Cu (data not shown). In fact, the lack of correlation between culturability and respiration has been reported earlier, and it has even been indicated that tetrazolium salts could be reduced by quiescent redox systems, questioning their suitability for viability evaluation (7) . On the other hand, Yamamoto (44) stated that respiratory activity is a more stringent indicator of viability than, for instance, membrane integrity. In general, respiratory activity may not be the only reliable parameter for evaluating bacterial activity, considering that it also depends sometimes on experimental conditions (45) A typical pattern of cell growth was observed when nonstressed cells were incubated in distilled water despite the total absence of nutrients: the final CFU number was higher than the theoretical initial total cell number, which should not have been surpassed, had only "resuscitation" taken place (Fig. 4A ).
Culturable cell numbers in Cu solutions did not exceed the theoretical total cell number present initially in the culture ( amylovora (34, 43) and this phenomenon has also been reported for R. solanacearum (14, 40) . It seems apparent that those increasing culturable populations exceeding the initial total cell number are actually multiplying (Fig4A), and rational to assume that those reaching but not eventually surpassing the initial cell density (Fig. 4B) Furthermore, the increase in culturability was pronounced at both high and low Cu concentrations when the inocula were enriched with nutrients. These results suggest that the availability of nutrients is the limiting factor for the Custressed cells to recover in soil. It is likely that the increased availability of nutrients enabled the cells to produce more peptides with sulfhydryl group, to which Cu binds to reduce its toxicity (38) . It was also demonstrated that various nutrients bind Cu ions to diminish the deleterious effect of Cu (32, 34) .
It is noteworthy that, although no culturable cells were detected in the solution containing 40 M CuSO 4 , some residual culturable populations were detected when those nonculturable cells were inoculated to the soil. This may indicate that the soil actually contained a minute amount of nutrients to be used by the non-culturable 22R6 that otherwise remained non-culturable in the total absence of nutrients in distilled water.
The test in pasteurized soil showed that recovery of culturability was hindered by the presence and activity of other soil microorganisms competing for nutrients (Fig. 8) . 
